Abstract Investigations were carried out on a salt tolerant (Manak, H77-216) and a comparatively salt sensitive (ICPL 88039) genotypes of pigeonpea (Cajanus cajan L. Millsp.) under NaCl, B and NaCl + B stress to examine the acclimatory response to H 2 O 2, glutathione and H 2 O 2 + glutathione through their effect on mineral nutrition, morpho-physiological parameters and antioxidant defense system. Both B and NaCl alone and their combinations had deleterious effect on dry biomass of plumule, enhanced relative stress injury (RSI), lipid peroxidation with concomitant increase in Na, Cl and B contents. However it did not bear any correlation with osmotic potential of plumule and K contents. Antioxidative enzymes like superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), peroxidase (POX) and glutathione reductase (GR) also decreased with salt, B and salt + B treatments. However contents of H 2 O 2 enhanced and that of ascorbate declined under aforementioned treatments. These injurious effects are partially alleviated by exogenous application of H 2 O 2 ; glutathione (GSH) and H 2 O 2 + GSH treatments. The role of H 2 O 2 and GSH in the present study is suggestive of triggering multifunctional signal transduction in plant defense mechanisms to prevent cellular oxidation, membrane injury, lipid peroxidation and protein enzyme inactivation.
Introduction
Although boron (B) is one of the essential micronutrient, crops grown worldwide on saline soils under arid and semiarid environments invariably suffer from boron toxicity (Cartwright et al. 1984; Gupta et al. 1985) . This is generally ascribed to build up of soil B to toxic level due to use of underground saline water for irrigation afflicted with B even within safe limits (Keren 1990; Manchanda et al. 1993; Rao et al. 1994; Lauchli 2002) . It is as yet not known precisely as to how B affects growth, development and productivity of crop plants particularly under saline conditions (Bingham et al. 1987; Manchanda and Sharma 1991; Alpaslan and Gunes 2001; Lee 2006; Reid 2007; Martínez-Ballesta et al. 2008) . Experimental evidences are now available that B is much toxic in saline than in nonsaline conditions. Mineral ion studies revealed that B mediated enhanced uptake of toxic ions i.e. Na, Cl, SO 4 and decline in Ca and Mg in different crops (Yadav and Manchanda 1982; Doila et al. 1998a, b) .
Further, plant metabolism, cellular homeostasis and major physiological processes are affected by abiotic stresses including salinity (Arora et al. 2002; Srivalli et al. 2003; Foyer and Noctor 2005) . A direct result of stressinduced cellular changes in the enhanced accumulation of toxic compounds in cells include reactive oxygen species, ROS (Suzuki and Mittler 2006 À Á . Exposure of plants to stress activates plasma membrane bound NADPH-dependent superoxide synthase (Sagi and Fluhr 2006) producing superoxide O reaction mediated by metals such as Fe 3+ or Cu 2+ into one of the most damaging and reactive hydroxyl radical OH Á ð Þ that damages the plant metabolic systems leading to plant senescence and programmed cell death (Halliwell and Gutteridge 1989) . These ROS are scavenged from the cell by the action of SOD, catalase, APX and glutathione peroxidase. There are increasing evidences that production of ROS such as O Á À 2 À Á is a common phenomenon in the aerobic organisms under stress conditions (Noctor and Foyer 1998; Vaidyanathan et al. 2003 ). An antioxidant defense mechanism has evolved in plant cells to prevent the danger posed by these ROS (Vranová et al. 2002) . The prevention of damage by ROS in any cellular component depends on the efficacy of the antioxidant system comprising the ascorbate-glutathione cycle, SOD and a number of other antioxidant enzymes (Noctor and Foyer 1998) .
Recently, the role of H 2 O 2 , ascorbate and glutathione as cardinal signaling molecules has gained considerable importance (Mittler 2002) . Plants are known to adapt to environmental stresses through specific genetic responses. The molecular mechanisms are associated with signal transduction leading to changes in gene expression at early stage of stress response but are poorly understood (Hernandez et al. 2001) . However, there is increasing evidence that gene expressions associated with acclimatory responses in plants is sensitive to the redox state of the cell including its various components which contribute to the redox balance of the cell (Foyer et al. 1997; Vranová et al. 2002; Foyer and Noctor 2003) .Two factors have been shown to be crucial in mediating stress responses. Thiol/ disulphide exchange reactions, particularly involving the glutathione pool and the generation of the oxidant H 2 O 2 (Grill et al. 2001) . These molecules are now recognized to be multifunctional triggers, modulating metabolism and gene expression. Both are able to cross biological membranes and diffuse or be transported long distances from their sites of origin (Rennenberg 1982; Bowler et al. 1992) . Glutathione and H 2 O 2 may act alone or in unison in intracellular and systemic signaling system to achieve acclimation and tolerance to biotic and abiotic stresses (Foyer et al. 1997; May et al. 1998; Neill et al. 1999; Hernandez et al. 2001; De Gara et al. 2003) . The rate of H 2 O 2 production depends on strength and duration of the imposed stress. Moreover, H 2 O 2 levels differ in various cell compartments and these levels are related to type of stress, e.g., excess light stress is responsible for the overproduction of H 2 O 2 mainly in the chloroplast (Karpinski et al. 1999; Karpinska et al. 2000; Slesak et al. 2003) . Experiments with plant material have demonstrated that plant tissues can tolerate high concentration of H 2 O 2 in the range of 10 2 À 2 Â 10 5 mM. Moreover, plants pretreated with H 2 O 2 were more resistant to excess light and chilling stresss (Prasad et al. 1994; Karpinski et al. 1999; Karpinska et al. 2000; Yu et al. 2003; Slesak et al. 2007) . While the content of glutathione in plant tissue ranges from 0.1 to 3 mM (Grill et al. 2001) . Keeping this in view, it was considered worthwhile to investigate the role of H 2 O 2 and glutathione on the ROS scavenging system including its enzymes influenced by B and NaCl toxicity stress during early seedling growth of pigeonpea (Cajanus cajan L.). Where EC a denotes electrical conductivity taken at room temperature after 5 h incubation in distilled water and EC b denotes electrical conductivity after autoclaving the tissues. iii) Lipid peroxidation: The level of lipid peroxidation was measured in terms of malondialdehyde (MDA) present in the tissues (fresh plumule and radicle). MDA is a product of lipid peroxidation and was measured by thiobarbituric acid (TBA) reaction with minor modification of the method of Heath and Packer (1968) . and expressed in mg MDA/g fresh weight. iv) Osmotic potential: Osmotic potential was determined by a modified method of Gorham et al. (1984) using vapour pressure osmometer 5100-B, Wescor Inc., Logan Utah, USA and was expressed in mega pascals (MPa) v) Mineral estimation: Minerals i.e., Na, K, Cl and B content was determined from the oven dried material of plumule and radicle. While contents of Na and K were determined in an acid digest with a flame photometer (Elico, India, Model 128), that Cl estimation was done by ion analyzer (Elico, India made, Model-LI126) using chloride specific electrode supplied by pH products Co., Hyderabad. Whereas, B content was estimated after Bingham (1982) colorimetrically with azomethine -H as outlined in USDA Handbook no 60 (1954). (IV) Enzyme analysis Extraction: 500 mg plumule and radicle each were obtained 48 h after treatment and crushed in 5 ml of of 0.1M phosphate buffer (pH 7.0). The extract was then centrifuged at 10,000×g at 40°C for 20 min. The supernatant was then used for the estimation of the following enzymes.
Materials and methods
(i) Superoxide dismutase (SOD) activity was measured according to the method of Jiang and Huang (2001) and expressed as units mg
(ii) Catalase (CAT) activity was estimated by the method of Aebi (1983) and expressed as units mg
(iii) Ascorbaste peroxidase (APX) activity was assayed by the method of Nakano and Asada (1981) and expressed as units mg
(iv) Peroxidase (POX) activity was measured by measuring the oxidation of guaiacol at 470 nm (Rao et al. 1996) and was expressed as units mg −1 protein min −1 .
(v) Glutathione peroxidase (GPX): This enzyme was estimated as in case of ascorbate peroxidase replacing ascorbate with glutathione (GSH) by the method of Nakano and Asada (1981) and expressed as units mg −1 protein min −1 .
(vi) Glutathione reductase (GR) activity was estimated by the method of Goldberg and Spooner (1983) and was expressed as units mg
(V) Estimation of H 2 O 2 and Ascorbic acid: While H 2 O 2 content was determined by the method given by Evans et al. (1999) that ascorbic acid (AA) content was measured by the method of Schopfer (1966) and was expressed in n moles g −1 fw.
Results and discussion
At the outset it is worthwhile to mention here that the trends of the results both with respect to plumule and radicle were almost similar, so for the sake of brevity only the results with respect to plumule have been described here.
(i) Dry mass of plumule: The magnitude of plumule growth when compared to untreated seedlings (S 0 B 0 ), the treatment effect on growth as indicated by seedling dry mass (Fig. 1a ) decreased considerably and that the dry mass of plumule in S 0 B 0 did not differ much in both the cultivars. Manak (H77-216) registered higher dry mass of plumule than ICPL 88039 in all the comparable treatments. It was interesting to note that the maximum reduction in dry mass was 26.2% and 34% in S 100 B 10 treatments in Manak and ICPL 88039, respectively in comparison to respective controls (S 0 B 0 ). It was interesting to note that application of H 2 O 2 , GSH and H 2 O 2 + GSH caused enhancement in dry weight of plumule. The order of increase being H 2 O 2 + GSH > H 2 O 2 > GSH > C. Further, the increase in the highest stress level (S 100 B 10 C treatment) over different treatments was 22.9% and 16.7% in S 100 B 10 H + G, 12.0% and 9.0% in S 100 B 10 H and only 7.3% and 5.4% in S 100 B 10 G in the genotypes Manak and ICPL 88039, respectively.
The decline in dry mass of plumule of seedlings under salt stress could be attributed to the reduced mobilization of the reserve food materials from endosperm (cotyledons) to growing axis due to inhibitory effects of both B and salt alone and in their combinations (Sheoran 1975; Mehta and Bharti 1983) . Another pivotal observation is that GSH and H 2 O 2 and their combination partially alleviated the B-salt toxicity which might be ascribed to intracellular and systemic signaling of GSH and H 2 O 2 for inducing acclimation and tolerance to biotic and abiotic stresses (Karpinski et al. 1999; Neill et al. 1999; Ogawa and Iwabuchi 2001; Sairam and Srivastava 2001; De Gara et al. 2003) .
(ii) Relative Stress Injury (RSI): The relative stress injury (RSI) increased upon imposition of both salinity-B toxicity in both the pigeonpea cultivars (Fig. 1b) (Fig. 1c) . On the other hand, application of H 2 O 2 caused a relative more decline in MDA content than GSH treatment, but maximum reduction was caused by H 2 O 2 + GSH. The above data on RSI and lipid peroxidation in terms of MDA content shows that B, salt and Salt + B treatment had a progressive increasing effect on these parameters. Kuiper (1980) , Leopold and Willing (1980) , Bliss et al. (1984) and Dat et al. (1998) have indicated that the cell membranes are the sites of primary or secondary salt/ion effects. These cause changes in permeability due to lesion formation affecting thereby the transport of both organic and inorganic solutes resulting in structural alteration and ion leakage. These effects are reflected in higher RSI. Likewise Doila et al. (1998a; and Bansal (1999) ascribed that higher RSI is due to leakiness of membranes along with lipid peroxidation in faba bean and wheat. Even exogenous application of H 2 O 2 and GSH, particularly the former, caused a reduction in RSI and MDA in the present study which appeared intriguing at the first instance. For example, Sairam and Srivastava (2000) observed that lipid peroxida- Fig. 1(d) shows that the osmotic potential of plumule of both the genotypes showed a slightly decreasing trend (more negative values) with B followed by salt and salt + B, however, Ψs did not differ significantly between the two pigeonpea genotypes. These results are in accord with Nandwal et al. (2000) who also reported more negative osmotic potential in various plant parts under salinity in Vigna radiata. (Fig. 2b) . Similarly Cl content was moderately present in S 0 B 0 C treatment and also in S 0 B 10 C treatment, but increased manifolds in the presence of salt i.e. S 100 B 0 C and S 100 B 10 C treatments in plumule of both Manak and ICPL 88039 (Fig. 2c) . Furthermore, a slight synergism between B and salt was noticed especially in the Manak genotype. Genotypic differences were significant with Manak maintaining slightly less Cl in plumule particularly in S 100 B 0 C and S 100 B 10 C treatments. Application of H 2 O 2 or GSH alone or in combination with each other had no consistent effect on Cl content in both the genotypes. Likewise, the B content was at its optimal low in S 0 B 0 C treatment, increased manifold with the addition of B in the medium i.e. in S 0 B 10 C in plumule (Fig. 2d) . Again it recorded a low in S 100 B 0 C comparable to S 0 B 0 C treatment in plumule of both genotypes. In S 100 B 10 C again a significant multiple increase in B content was noted as compared to S 0 B 0 C and S 100 B 0 C in all cases. Manak, in general, maintained a lower B levels as compared to the sensitive ICPL 88039. Even chemical treatment of H 2 O 2 , GSH and H 2 O 2 + GSH did not have any significant effect on B levels. Overall it was brought forth that salt tolerant Manak registered low levels of Na, Cl and B than salt sensitive ICPL 88039. However the worthwhile point to be noted in the present context is that, in general, in all the cases H 2 O 2 and GSH either alone or in combination with each other did not have any specific effect on the mineral ion accumulation. It would be logical to conclude, therefore, that the ROS scavenging system has no direct bearing on mineral ion uptake. (vi) Antioxidant defense system: Superoxide dismutase (SOD): Fig. 3(a) represents the activity of SOD which declined progressively with B, salt and salt + B treatments in plumule of both Manak and ICPL 88039, respectively. Genotypic differences were significant, containing slightly higher SOD activity in plumule of Manak. Magnitude of decrease in enzyme activity with stress level was greater in ICPL 88039 as compared to relatively tolerant Manak being 52.7% and 48.7% in plumule in the stresss treatment S 100 B 10 C over S 0 B 0 C. It was interesting to note that in general, H 2 O 2 caused a slight decline in the activity of SOD in contrast to GSH, which caused a general increase in SOD activity over their respective controls inplumule of both the cultivars, combination of both H 2 O 2 + GSH also caused an increase in activity of SOD. So overall effect was in order of GSH > H 2 O 2 + GSH > C > H 2 O 2 .
Catalase (CAT): Imposition of salt, B and salt + B caused reduction in CAT activity (Fig. 3b) being maximum in the latter case. Magnitude of decrease in CAT activity in the maximum stress treatment S 100 B 10 C over S 0 B 0 C was 26% and 51.4% in the plumule of Manak and ICPL 88039 respectively. Addition of H 2 O 2 + GSH in the medium also caused well marked rise in the CAT activity as compared to control in both the genotypes. Although, magnitude of increase in case of GSH was less than H 2 O 2 . The combination treatment of H 2 O 2 + GSH in general, caused maximum increase in CAT activity. Thus, the overall trend of stimulation of CAT activity in plumule of both genotypes would appear to be H 2 O 2 + GSH > H 2 O 2 > GSH > C. The decrease in CAT activity under NaCl and B stress could be attributed to CAT being a H 2 O 2 detoxifying enzyme and mostly associated with peroxisomes where it removes H 2 O 2 formed during photorespiration (Apel and Hirt 2004) . Even, Corpas et al. 1993 reported a significant decrease in the enzyme activity during salt stress in both salt tolerant and salt sensitive cultivars of pea leaves.
Ascorbate peroxidase (APX): Likewise, the APX activity (Fig. 3c) was drastically decreased in response to NaCl stress over unstressed control in both the cultivars. Extent of decline in APX activity in the S 100 B 10 C treatment over S 0 B 0 C treatment was 46.8% and 49.5% in the plumule of Manak and ICPL 88039 respectively. H 2 O 2 and GSH and their combinations caused an activation of APX in control in both the cultivars as well as under salt, B and salt + B treatments. For example percent increase in Manak was 15% in S 100 B 10 H 2 O 2 + GSH, 10% in S 100 B 10 H 2 O 2 and 6% in S 100 B 10 GSH over the control S 100 B 10 C. These results are in consonance with the results of Comba et al. (1998) who observed more APX activity at 50 than 200 mmol/L NaCl in soybean root nodules. It was suggested that decreased enzymes activity might be due to imbalance between the production of active oxygen species and the quenching ability of antioxidants that got upset and resulted in oxidative damage.
Peroxidase (POX) and Glutathione peroxidase (GPX): Similarly, both POX and GPX activity exactly followed the same pattern ( Fig. 4a and b) and both of these mimic the effect of CAT activity (Fig. 3b) . Furthermore, APX activity (Fig. 3c) Glutathione reductase (GR): Another interesting point that emerges from these studies was that although H 2 O 2 stimulated GR activity to a considerable extent, GSH caused a decline in GR activity vis-à-vis the control (Fig. 4c) . Combination treatment of H 2 O 2 and GSH alleviated the inhibitory effect of GSH to some extent but it was still below the respective control values (Fig. 4c) . In addition GR activity was prominently higher in Manak than ICPL-88039 irrespective of stress and treatment levels. The overall effect was in the order of H 2 O 2 > C > GSH + H 2 O 2 > GSH.
The overall crux of the above results point out that the increase in the enzymes activity of CAT, APX, GPX, POX and even GR by both H 2 O 2 and GSH could be explained by a precocious signaling and/or deactivation of the Asada-Halliwell pathway of H 2 O 2 scavenging and ascorbic acid regeneration involving various antioxidant enzymes (See Arora et al. 2002) . Levine (1999) (Levine et al. 1994; Prasad et al. 1994) . The relative stability and higher concentrations of H 2 O 2 in plant cells could point to the fact that H 2 O 2 plays a key role as a signal transduction factor. However, signal molecules are usually present in cells in very low concentrations (Hung et al. 2005) ; the relatively high levels of H 2 O 2 in plant tissues support the assumption that H 2 O 2 is not only a signaling molecule, but also plays a key role in primary plant metabolism (Slesak et al. 2007) . Moreover, H 2 O 2 regulates the expression of various genes, including those encoding antioxidant enzymes and modulators of H 2 O 2 production (Neill et al. 2002a; Neill et al. 2002b; Geisler et al. 2006 ). Similarly, rather both H 2 O 2 and GSH is the product of SOD and GR, respectively. Again, the exogenous treatment of GSH caused an increase in the activity of SOD, CAT, APX, GPX, POX over their respective controls. Conversely, GSH decreased the activity of GR which could be ascribed to more involvement of GSH in homeostasis in plants having implication for environmental stress sensing and its effect on plant growth and development (Komives et al. 1998; May et al. 1998 (Fig. 5a) showed a progressive and significant increase in plumule of both genotypes with imposition of B, salt and salt + B levels. The maximum increase was noticed in the latter case. scavenging enzymes in addition to stimulation of growth as has also been observed in our present study. The present experimental scenario definitely envisages antioxidant defense system signaling and inductive role through exogenously applied H 2 O 2 and GSH. Therefore, not only H 2 O 2 but also GSH had a similar effect, so much so that the two acted synergistically i.e. H 2 O 2 + GSH > H 2 O 2 > GSH in decreasing endogenous H 2 O 2 levels. Moreover, GSH and H 2 O 2 are known to act alone or in unison as multifunctional triggers modulating metabolism and gene expression, in intercellular and systemic signaling systems to achieve acclimation/tolerance to abiotic/biotic stresses (May et al. 1998; Karpinski et al. 1999; Levine 1999; Neill et al. 1999) . (viii) Ascorbic acid content: Fig. 5b illustrates a declining trend in ascorbic acid content with increasing levels of stress of salt, B and salt + B in both the genotypes. Genotypic differences were clearly significant and magnitude of decline in the maximum stress levels of S 100 B 10 C over the S 0 B 0 C was 37.6% Hernandez et al. (2000) who observed high levels of ascorbate in salt tolerant and lower levels in salt sensitive cultivars e.g. pea and foxtail millet in response to salt stress (Sreenivasulu et al. 2000) . Ascorbate is known to be oxidized by a direct reaction with superoxide or by serving as a reductant of α-chromoxyl radical of oxidized α-tocopherol, which in turns disrupts lipid peroxidation reactions by reacting with superoxide and results in scavenging hydroxyl, peroxyl and alkoxyl radicals (Halliwell and Gutteridge 1989) . Conclusively, above observations prove that H 2 O 2 and GSH have versatile functions in plant defense mechanism (i) as a signaling agent and inducer/reactant of antioxidant enzyme system and (ii) as an oxidant/reductant responsible for damaging/preventing activities like cellular oxidation, lipid peroxidation, membrane injury, pigment bleaching and protein enzyme inactivation. Even various workers like Elstner and Oßwald 1994 , Levine 1999 , Sairam and Srivastava 2000 and Pnueli et al. 2003 have supported the above contention.The lower H 2 O 2 levels resulting from H 2 O 2 application or GSH could be due to the high activity of APX and CAT as has been observed earlier by Venacker et al. 1998 who showed that apoplast of barley leaves have shown substantial amounts of SOD, APX and other enzymes required for scavenging/destruction of O Á À 2 and H 2 O 2 .
